introduction: This study aimed to evaluate parenchymal and functional lung changes following stereotactic body radiotherapy (SBRT) for early-stage non-small cell lung cancer (NSCLC) patients and to correlate radiological and functional findings with patient and treatment characteristics as well as survival.
inTrODUcTiOn Stereotactic body radiotherapy (SBRT) is the standard of care for medically inoperable, early-stage non-small cell lung cancer (NSCLC) patients (1) (2) (3) . After the introduction of SBRT, substantially higher overall survival (OS) rates were reported for this patient group by three large population-based analyses from the Netherlands and the US (4) (5) (6) . Several prospective studies then demonstrated excellent 3-year local control around 90%, and survival rates of more than 50% in a highly comorbid population (7) (8) (9) . SBRT has hence become the most optimal treatment option for patients with highly reduced pulmonary function [forced expiratory volume in 1 s (FEV1) < 30%] suffering from severe chronic obstructive pulmonary disease (COPD) (GOLD III-IV) (10, 11) .
However, despite the high conformality of SBRT, toxicities are a non-trivial result of SBRT, especially in a population with poor pulmonary function. Depending on the study, symptomatic radiation pneumonitis occurs in about 10-30% of patients, which can impair patient quality of life (12) (13) (14) (15) . Fatal (grade 5) radiation pneumonitis following SBRT is only reported in very rare cases (15) (16) (17) . An understudied aspect of adverse effects is the association with parenchymal remodeling following SBRT, which is detected to some degree in nearly all patients (18) . Fibrosis in the high-dose regions is found in about 80% of patients and can make for a challenging differentiation between benign radiologic changes and local recurrence (18, 19) .
Whether post-SBRT lung scarring correlates with significant clinical changes in pulmonary function is controversial (20, 21) . Stone et al. recently showed significant impairment in pulmonary function after SBRT in a prospective trial, but though this was not associated with worse OS (22) . On the basis of these results, we conducted a toxicity analysis examining post-SBRT parenchymal and functional changes, and the influence on outcome in patients who are deemed inoperable due to medical comorbidities.
MaTerials anD MeThODs

Patient Population
Seventy consecutive patients treated between February 2004 and May 2015 were chosen for this analysis. Inclusion criteria were as follows: (1) receipt of SBRT for medically inoperable early-stage NSCLC (cT1-3cN0cM0) and (2) regular follow-up CT scans for at least 1 year at the Department of Radiation Oncology at the University Hospital Heidelberg, the Thoraxklinik Heidelberg, or at the German Cancer Research Center. The study and the study protocol were reviewed and approved by the Ethics committee of the University Hospital Heidelberg (S-140/2016). According to the decision of the Ethics committee, obtaining of written informed consent was not necessary due to the retrospective character of the study. Patients included in the analysis were identified from our cancer database. Anonymized patient data were used for analysis.
Treatment characteristics
Patient selection, imaging protocols, and detailed treatment techniques have been reported previously (23) (24) (25) .
Risk-adapted fractionation schemes were used, meaning that dose and fractionation schemes were adjusted based on tumor size and location (peripheral vs. central). Until 2011, patients were generally treated with a single fraction of 20-24 Gy prescribed to the 80% isodose line, depending on proximity to critical structures (n = 32). Thereafter, peripheral lesions were irradiated with three fractions of 15-18 Gy, prescribed to the conformally enclosing 65% isodose line, while central lesions received eight fractions of 7.5 Gy prescribed to the 80% isodose line (n = 38). Delivery techniques were 3-D (n = 49), helical TomoTherapy ® (n = 11), and volumetric-modulated arc therapy (n = 10).
Outcome evaluation
Routine follow-up visits involved a contrast-enhanced CT scan of the thorax around the 3-, 6-, and 12-month intervals following SBRT. If no tumor recurrence was detected in the CT scan after 12 months, CTs and X-rays were done alternately every 6-12 months thereafter. Patients with reduced performance scores often only received X-rays after 12 months. Local progression referred to progression of the tumor within the high-dose volume. Differentiation between local progression and benign fibrosis in the high-dose volume is known to be challenging. Positron emission tomography (PET)-CT scans or biopsy was used to distinguish between benign lesions and tumor recurrence.
To correlate irradiated doses with clinical results, biological effective doses (BEDs) were calculated: an α/β ratio of 10 and 3 Gy was assumed for the tumor and lung tissue, respectively. BED was calculated using the linear-quadratic model:
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Pulmonary function tests (PFTs) of all patients as performed 1-0 month before SBRT and in median 9.3 months after SBRT (5.8-18.1 months) were analyzed. These included the following: FEV1, forced vital capacity (FVC), total lung capacity (TLC), residual volume, and airway resistance (R).
Radiologic changes were defined as acute changes when they were registered within the first 6 months following SBRT, and late changes when they occurred at or after 6 months. The applied classification system was initially described by Trovo et al. and later specified by Dahele et al. (18, 26) . Herein, acute findings were grouped into five categories: no parenchymal abnormalities (NPA), patchy ground-glass opacity (PGGO), diffuse GGO (DGGO), patchy consolidation (PCO), and diffuse consolidation (DCO) ( Figure 1A) . Late CT changes were classified into four different categories: NPA, scar-like fibrosis (SLF), mass-like fibrosis (MLF), and modified conventional pattern of fibrosis (MCPF) ( Figure 1B) (18, 26) . Radiologic changes were categorized by two experienced radiation oncologists with the support of an experienced pulmonary radiologist.
For general scoring, the severity score that was introduced by Dahele et al. was applied. Radiographic changes were classified as "severe" (massive changes), "moderate" (extensive, but commonly expected changes), "mild/minor" (rare changes only), or "none" (Figure 1C ).
statistical analysis
Overall survival, local progression-free survival (LPFS), and distant progression-free survival (DPFS) were calculated using the Kaplan-Meier method. Survival curves were compared between groups in a univariate analysis applying the log-rank test or Cox regression analysis. Multivariable Cox models were performed including all variables with p ≤ 0.05 in univariate analysis. Correlations between baseline factors as well as irradiation doses and severity of CT changes were assessed using Spearman's or Pearson's correlation coefficients. McNemar's test was applied to calculate the association between early and late severity scores. Descriptive statistics were performed by using Mann-Whitney U tests or χ 2 tests for continuous or categorical data, respectively.
The non-parametric Wilcoxon signed-rank test was applied for assessing pulmonary function changes. Receiver operating characteristics (ROC) curves and the Youden's index were performed to determine the optimal cutoff for FVC reduction or mean ipsilateral lung dose in BED (MLD) in predicting OS after 2 years. A p-value ≤ 0.05 was considered statistically significant. All statistical analyses were performed with SPSS software (version 20.0).
resUlTs survival and local control
Patient and treatment characteristics are displayed in Table 1 .
With a median follow-up time of 32.2 months (range 14.6-104.3 months), 2-and 3-year OS was 83% and 60%, respectively (Figure 2A) . Two-and three-year LPFS was 88% and 80%
FigUre 2 | Kaplan-Meier curves illustrating overall survival (a) and local progression-free survival (B) for all patients. ( Figure 2B) , while 2-and 3-year DPFS was, respectively, 84% and 74%. OS, LPFS, and DPFS were not significantly affected by any potential risk factor investigated ( Table 2) .
Parenchymal lung changes after sBrT
In total, 463 CT scans of 70 patients were reviewed for parenchymal lung changes. A median of five CT scans (range 3-17) could be evaluated per patient covering a time frame of in median 20.0 months after SBRT (range 12.2-78.8 months). The median time to onset of CT changes was 2.5 months (range 1.6-8.8 months). Acute radiologic changes within the first 6 months (113 CT scans available) following SBRT were assessed for each patient: NPA were detected in 10% of the cases, while 63 patients (90%) displayed acute parenchymal changes. From this cohort, 11% PGGO, 25% DGGO, 25% PCO, and 29% DCO ( Figure 1A) .
Late parenchymal changes were detected to some degree in all CT scans available ( Figure 1B) . After 6 months following SBRT (60 patients with CT scans available), 10% of the cases showed SLF, 7% MLF, and in 83% of the patients MCPF was detected. Parenchymal changes slightly decreased 12 months post-SBRT with 14% SLF, 9% MLF, and 77% MCPF (64 patients with CT scans available). After 18 months, a further reduction in parenchymal changes was registered (156 CT scans in 41 patients): 20% SLF, 9% MLF, and 71% MCPF.
Most of the tumors had an acute severity score of 0 (none, n = 10, 14%), 1 (mild, n = 43, 62%), or 2 (moderate, n = 16, 23%). Only one patient each suffered from acute severe changes (score = 3) after SBRT. The pattern for chronic severity score was as follows: mild (score 1): 66%, moderate (score 2): 33%, and severe (score 1): 1%. The two patients with severe radiologic changes developed radiation pneumonitis CTCAE grade III requiring corticosteroids and oxygen support until resolution of symptoms. Two additional patients developed CTCAE grade II radiation pneumonitis. In total, 5.7% of the patients suffered from grade ≥II radiation pneumonitis. The severity of acute CT changes predicted for those of late changes (p = 0.027). We did not detect any significant correlations between maximum severity score for each tumor and gender Figure 3A) . Specifically, patients with a maximum severity score of 0-1 (none/mild) showed 2-and 3-year OS of 83 and 65%, while patients with a maximum severity score of 2-3 (moderate/severe) experienced 2-and 3-year OS of 78 and 51%, respectively (p = 0. (Figure 3B) . A cutoff MLD of 9.72 Gy was calculated in ROC analysis. Hence, patients treated with an MLD < 9.72 Gy showed 2-and 3-year OS of 89.2% and 67.7%, while patients with an MLD ≥ 9.72 Gy only had 2-and 3-year OS rates of 73.6% and 48.6%, respectively (p = 0.042; 1.904 [CI 1.017-3.563]). Both LPFS and DPFS were not significantly affected by maximum severity score, MLD, or PTV size (p ≥ 0.05).
Functional lung changes after sBrT
In total, paired PFTs were available for 57 of the analyzed 70 patients before and after SBRT. PFTs were obtained at a median of 44 days before SBRT (range 3-70 days) and 9.3 months (range 5.8-18.1 months) after SBRT. Detailed PFT data are illustrated in Table 3 .
All analyzed baseline pre-and posttreatment PFT parameters did not significantly affect OS, LPFS, and DPFS (p > 0.05). However, SBRT treatment significantly reduced post-SBRT lung function: TLC (−0.52 L; p = 0.001), FVC (−0.45 L, p < 0.001), FEV1 (−0.17 L, p < 0.001), FEV1% (−5.2%, p < 0.001), and airway resistance (+0.09 kPa s/L, p = 0.003) ( Table 3) .
As a next step, we evaluated whether absolute differences between pre-and post-interventional PFT parameters could predict outcome. While we did not detect a significant effect of TLC, FEV1, FEV1%, and resistance, treatment-related reduction in 
DiscUssiOn
Pulmonary SBRT is believed to be a milder way of treatment with less side effects compared to surgery involving lobectomy and systematic lymphadenectomy as it is primarily offered to patients with reduced performance score who are classified medically inoperable (2, 11, 27) . In this study, we investigated early and late radiographic lung injury as well as pulmonary function changes following SBRT. In general, most patients only showed mild to moderate parenchymal and functional lung alterations that did not translate into reduced clinical performance in the majority of cases. Regarding parenchymal lung changes in follow-up imaging studies, nearly all patients only developed minor changes, while severe changes were only noticed in two patients (2.9%) and were transient. All patients were diagnosed with radiological changes following SBRT at some time of follow-up, which is known to impair diagnosis of local recurrence (19, 28) . Similar acute and chronic patterns of CT changes were reported by Trovo et al. and Dahele et al. (18, 26) .
However, to the best of our knowledge, this is the first investigation describing a significant association between MLD and survival following SBRT (Figures 3A,B) .
Several groups have shown a dose-response relationship for radiation-induced pneumonitis following SBRT (29, 30) . Furthermore, a recent pooled analysis of 88 studies investigating lung toxicity after SBRT reported MLD as well as large tumor size to be significant adverse risk factors for pneumonitis and lung fibrosis (15) . Indeed, we also detected a significant correlation between both MLD as well as PTV size and maximum severity score of radiological CT changes. In comparison, when regarding radiotherapy for locally advanced NSCLC patients, an association between radiation exposure to normal lung and severe pneumonitis is also well known (31) . Furthermore, development of radiation pneumonitis and generalized radiological changes after radiotherapy in locally advanced NSCLC patients were shown to be independent negative prognostic factors for survival (32) . A recent study even underlined the predictive impact of lung dose and especially MLD on survival analyzing prognostic factors in 468 patients with stage IIIA-IIIB NSCLC (33) . Our study now shows that SBRT with an MLD ≥ 9.72 Gy was associated with significantly worse survival. However, due to the low number of patients and the limited number of events recorded in this analysis, this finding has to be interpreted with caution. All patients included in this study were classified medically inoperable and suffered from severe pulmonary comorbidities, which probably highly impaired survival. Nevertheless, a recent study showed that dose to heart substructures was associated with non-cancer death after SBRT in stage I-II NSCLC patients (34) . Hence, dose spillage to the heart and healthy lung tissue should be kept as low as reasonably possible when performing SBRT.
In a second step, we analyzed functional lung changes and detected a significant decline following SBRT for TLC, FVC, FEV1, and FEV1% (p ≤ 0.001). In contrast to our results, Stanic et al. and Stephans et al. did not show any significant change in pulmonary function examining lung function in 55 and 92 patients after SBRT (21, 35) . However, a recent study by Stone et al. also reported a significant decline for FEV1, diffusion capacity, FVC, and TLC following SBRT (22) . Nevertheless, most studies did not show any association of lower baseline or post-SBRT pulmonary function with worse survival (21, 22, 36, 37) . Guckenberger et al. only described a significant impact of pretreatment, and not posttreatment, diffusion capacity of carbon monoxide on survival (thus not treatment-related) (10) . Notably, absolute reduction in FVC was shown to be an independent prognostic factor for OS in this analysis (Figure 3C) , indicating a possible influence of radiation-induced restrictive lung disease upon survival. This might be due to the fact that this analysis is the only study investigating the prognostic impact of absolute loss in PFTs and not only pre-and posttreatment pulmonary function parameters.
Similar to other studies reduction in FVC did not significantly correlate with prognostic factors for lung toxicity such as MLD, and PTV size in this analysis (20, 21) . There was no significant correlation between absolute reduction in FVC and maximum severity score of parenchymal changes. This finding is supported by reports about conventionally fractionated radiotherapy in which a dose-effect relationship for posttreatment PFT changes is also missing (38) . This might be explained by the fact that irradiation of lung tumors may even improve PFT by tumor shrinkage or reopening of atelectasis (39) . Furthermore, the vast majority of these patients had severe COPD with decline in pulmonary function on the basis of natural disease progression (40, 41) . Hence, the detected loss in pulmonary function has to be interpreted with caution and might also be caused by the natural progression of preexisting COPD (40, 41) . Larger, multicenter studies are truly needed to evaluate the possible prognostic impact of MLD and lung function changes following SBRT on survival. In this study, we did not detect distinct factors for surely predicting possible lung toxicity following SBRT. Nevertheless, other factors such as pretreatment immune status are reported to predict for toxicity after SBRT (42) .
Despite the reported parenchymal and functional lung changes, survival and local control rates detected in this analysis were comparable to other studies and still much higher in comparison to conventionally fractionated radiotherapy (7-9, 16, 43) . In detail, 3-year OS, progression-free survival (PFS), LPFS, and DPFS rates were 60, 65, 80, and 74%, respectively. Regarding current guidelines, a benchmark is the 3-year local rate following SBRT which is supposed to be 90% and higher when a BED > 100 Gy is applied (2) . As this study included data from 2004 to 2015, several patients were treated with lower doses which might have led to the slightly reduced local control rates in this analysis.
The higher PFS compared to the detected OS in this analysis might raise the question whether some patients were overtreated, although other studies reported similar results (42, 44) . Furthermore, not all patients received histopathological confirmation of disease due to reduced performance score but had fluoro-deoxy-glucose positron emission tomography positive tumors. The severity of pulmonary comorbidities is known to be an important predictor for survival for lung cancer patients-not only after SBRT (45, 46) . However, two recent reports stated that withholding SBRT in patients with severe COPD is not justified (47, 48) . Hence, in some patients SBRT might transfer the cause of death from tumor disease to pulmonary comorbidities.
As pulmonary SBRT for early-stage NSCLC was analyzed between 2004 and 2015 in this study, patients were mainly treated with less advanced radiation techniques while survival data were available therefore as a tradeoff. For example, regular performance of 4-D-CT scans to account for tumor motion started in 2009 in our department. Hence, larger safety margins leading to larger PTV sizes and higher MLD were needed. Today, advances in radiation planning and delivery techniques such as intensity-modulated radiotherapy (IMRT) and elaborate image guidance including gating and tracking help to further minimize the dose to normal tissue and therefore reduce sideeffects. Some limitations of this study deserve mention. Aside from the smaller sample size and retrospective nature, paired PFTs were not available for all patients. Second, further lung dose parameters as V5Gy and V20Gy were not accessible. Third, a larger cutoff interval for follow-up CT scans of more than one year was not possible, as several patients only received X-ray scans for follow-up imaging after 1 year due to their poor performance status. Fourth, due to the retrospective character of this study, detailed analysis of cardiopulmonary comorbidities and their potential impact on survival in this study was not possible.
Analyzing parenchymal and functional lung injury following SBRT, we detected only mild radiological changes and tolerable reduction in pulmonary function for most patients. However, this study showed a significant association between SBRT with a higher MLD and inferior survival. Furthermore, higher absolute reduction in FVC significantly impaired survival in this analysis. Nevertheless, these results have to be interpreted with caution due to the limited number of patients and the retrospective character of this study. Natural progression of pulmonary comorbidities including COPD surely also led to reduced survival in this patient group. If toxicity of SBRT had an impact on survival in this study, this was potentially caused by the interaction with preexisting pulmonary comorbidities.
Based on this study, modern radiotherapy methods including delivery techniques such as IMRT and daily image guidance should be applied for minimizing PTV sizes and keeping MLD as low as reasonable possible. Furthermore, larger prospective and multicenter studies are highly needed for evaluating the potential prognostic impact of parenchymal and functional lung changes on survival.
eThics sTaTeMenT
This retrospective study was carried out in accordance with the recommendations of the Ethics committee of the University Hospital Heidelberg. According to the committee's decision based on the retrospective character of this analysis, no additional written informed consent of all patients was needed.
